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^ (57) Abstract: The present invention relates to a device for the simultaneous conduction of a multiplicity of binding reactions on 
V© a substrate with a first surface, said surface comprising discrete and isolated locations of one such binding reaction, said binding 
reaction being generated upon contact between the substrate and a fluidic sample comprising one or more target molecules capable of 
binding with at least one receptor molecule at least partly tethered to said first surface of the substrate, and further comprising means 
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^ further relates to a method for binding one or more target molecules comprised within a fluid sample to at least one receptor molecule 
at least partly tethered to a first surface in a flow channel, wherein said target molecules are transported parallel to said first surface 
by means of shear-force field generating means, wherein the shear-force field generating means comprises a second surface, which 
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F1FLD OF THF INVENTION 

The present invention relates to a novel operation method for biological and chemical 
analysis systems relying on target-receptor binding events. 

BACKGROUND 

With the increased demand for genomic and proteomic information from the pharma- 
ceutical and the agro-biotechnology industry and from the medical sector (cfr. clinical 
diagnostics), the past decade has witnessed a tremendous interest in the development of 
miniaturised screening or binding assay systems. This trend towards miniaturised and on- 
chip analysis systems has been initiated by the introduction of the powerful mrcro- 
machining techniques originally developed for the micro-electronics industry into the f .eld 
of analytical and bioanalytical chemistry. The most important advantages of 
miniaturization are: the enhanced mass transfer kinetics originating from the decreased 
mass transfer distances, the possibility to perform multiple analysis in parallel on a small 
surface, and the reduction of the sample and reagent consumption. As a result, a hrgher 
throughput (and hence more information per unit time) and better over-all process 
economics are obtained. 

Currently, two main formats for miniaturized biochemical analysis systems are being 
adopted. In one format, commonly referred to as micro-array systems and being the logtc 
evolutionary step of the 96-well micro-titer plate systems used in so many biochemical 
assay and screening procedures, reagents or unknown samples are brought into contact 
- with a large set of different, but know FTeigW^rleceptFT^ irrimobilized at the" 
surface of a fixed carrier plate and arranged in arrays of (typically) circular spots. In the 
second format, commonly referred to as microfluidics, fluid is pumped around through a 
manifold of etched micro-channels to perform separations, mixing operations and to 
deliver sample at predefined locations, all on the same miniscule surface of a conventional 
size micro-electronics chip. 

Traditionally, DNA or protein micro-array screening assays are effectuated by applying a 
drop of sample between two parallel plates, one carrying a high density micro-array of so- 
called probe or receptor molecules spots, while the other plate simply serves to seal off 
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the system and to prevent evaporation of the sample liquid. In such systems, the transport 
of the sample molecules towards the receptor spots often occurs in a passive mode, i.e., 
the transport still has to occur by pure molecular diffusion (cfr. diffusive path 3 in Fig. 1). 
As a result, micro-array screenings are still relatively slow, and usually have to occur 
5 overnight. 

Two recent disclosures have been proposed to alleviate the micro-array diffusion problem. 
In US Patent 6,017,696 the transport in the y-direction (i.e., perpendicular to the surface 
carrying the probe spots, as indicated in the present application by arrows 4 in Fig. 2) is 

10 enhanced by applying an electrical field perpendicular to the surface carrying the probe 
spots (US Patent 6,017,696). In an another approach, a nano-porous membrane is used 
through which a filtration flow (i.e., also in the y-direction as indicated by arrows 4 in Fig. 
2) is directed (US patent 5,843,767). A constrain of both concepts is that the transport is 
only accelerated in the y-direction. This implies that, during the hybridization process, the 

15 immobilized probe or receptor molecules present in a given spot are only contacted with 
the target molecules present in the fluid volume situated directly above the given spot. 
Very often, the number of matching molecules present in this limited volume is not 
sufficient to generate a measurable signal. In both methods cited above, an additional 
supply of matching molecules coming from the fluid volumes covering the neighboring 

20 spots still has to occur via the (slow) diffusion process (following the diffusive path 3 
indicated in present Fig. 2). Another drawback of the method in US Patent 6,017,696 is 
that the electrical field may induce undesirable non-specific bindings, such that an 

i 

additional stringency test step has to be added. Furthermore, the use of an electrical field j 

to accelerate the radial mass-transfer is not applicable for target molecules having a net 
25 zero charge. Another drawback is that a number of specific problems, such as the 

formation of gas bubbles at the electrodes, has to be coped with. For the nano-porous 

filter method in US patent 5,843,767, an additional drawback can be found in the fact that 
the generation of the flow through the nano-pores requires the application uf a sufficiently 

large excess pressure near one side of the membrane. This inevitably brings along 
30 sealing problems. Furthermore, as the flow rate through the pores is proportional to the 

applicable excess pressure, the achievable flow rate through the device has a clear upper 

limit (cfr. Poiseuille's law). 

Apart from finding an answer to the question how much matching target molecules are 
35 present in a given sample, other applications, for example in drug screening, also require 
information on the rate of the binding process (for example to investigate competitive 
binding phenomena). Currently, the most frequently used system for the measurement of 
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target-receptor binding kinetics is the so-called BIAcore apparatus (commercialized by 
Biacore AB, Upsalla, Sweden), in which samples are flown past a spot of known receptor 
molecules and wherein the amount bound is continuously monitored by means of a 
surface detection technique such as surface plasmon resonance. The Biacore system 

5 suffers from an important drawback. As the system is pressure-driven, relatively large flow 
cuvettes are needed. As a consequence, the diffusion time needed to reach the receptor 
molecules is part of the measured binding time. The obtained kinetic measurements 
hence do not exclusively relate to the intrinsic binding process, but they are biased by the 
slow diffusion process. This problem is in fact common to all the binding kinetics 

10 measurement systems known in the art. To obtain more accurate measurement of the 
intrinsic binding process itself, it would hence be beneficial to have a method which is able 
to substantially accelerate the diffusional transport step. In addition, it would be preferable 
to have an acceleration method which does not rely on the application of an electrical 
field, because this would certainly influence the binding process itself. 

15 

Generating flows past spots of immobilized receptor molecules arranged on the surface of 
microfluidic channels is for example known in the art of miniaturized biosensor manu- 
facturing. As is known to those skilled in the art of microfluidics, fluid motions in micro- 
fluidic channel systems are in general not generated by means of a pressure pump, but by 
20 means of an electrical force field. This is due to the large flow resistances and the corres- 
pondingly large pressure-drops encountered in pressure-driven micro-channel systems 
(dr. Poiseuille's law). Electrically-driven flows (also referred to as electro-osmotic flows, 
EOF) do not suffer from the pressure drop problem, and are hence much better suited for 
microfluidic applications. The problem of electrically-driven flows however is that the they 
25 are inevitably accompanied by electro-migratory effects (in both the axial and radial 
direction). For some applications, such as Capillary Electrophoresis, this is a highly 
desired effect, but for the transport of a group of different sample molecules at a 
predefined ve l oc it y, t hese aectr^ffitgra^^ axiat 



dispersion or might lead to undesirable wall adsorption or wall repulsion, depending on the 
30 charge of the sample molecules (in EOF, the walls always carry a net charge). Another 
drawback of electrically-driven flows is that, as their generation relies on the formation of 
an electrical double layer along the walls of the channel, their flow rate is easily disturbed 
(and hence suffers from poor reproducibility) by adsorption of the sample molecules to the 
channel walls. This problem is especially severe in the case of large and charged 
35 molecules such as proteins. Yet another drawback is that, when the capillaries or the 
channels become too narrow, the double layers of the opposing channel walls start to 
overlap, such that radial electrical attraction and repulsion effects become dominant over 
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the desired axial movement. This prevents the use of sub-micron thin channels. Finally, 
electrically-driven flows are (similarly to pressure-driven flows) also subjected to the 
existence of an upper velocity limit. As the fluid velocity is directly proportional to the 
applied electrical voltage drop, and as there is a clear upper limit (about 30 kV) for this 
5 voltage drop, for safety reasons and to avoid excessive Joule heating and bubble 
formation, the existence of an upper velocity limit is obvious. 

In WO 99/61896, a device is disclosed wherein the binding of biomolecules is enhanced 
by creating thin fluid layers by forcing air bubbles through a flow-through detection 

10 cuvette. The advantageous effect, i.e., the creation of a thin fluid layer with ultra-short 
diffusion times, of these air bubbles is however only temporarily. Furthermore, the entire 
cuvette needs to be filled with sample, such that the device still requires sample volumes, 
which are at least of the order of the bubble size volume. When the bubbles are past 
through the cuvette, the major fraction of the sample will run ahead of the bubble and will 

15 hence be pushed out of the cuvette without having reached the receptor molecules 
attached to the wall. 

The object of the present invention is to provide improved devices and methods which 
result in shortened screening or assay times, improved screening detection limits, and 
more accurate measurements of binding kinetics and equilibria. In particular, said device 
20 and method of the current invention nearly completely eliminates the rate-limiting 
diffusion-step. 

In the present invention, a device and a method are disclosed wherein the entire device is 
miniaturized and wherein a thin fluid layer is continuously maintained by keeping the fluid 
25 between two substantially parallel solid surfaces. By moving one of the two surfaces to 
generate a continuous shear-flow, we ensure that each molecule of the sample passes 
the receptor molecules within a distance, which is sufficiently small to be elapsed by pure 
molecular diffusion during the dwell-time. 

30 SUMMARY 

It is the aim of the present invention to provide a novel and generally applicable operation 
mode for the micro-array and bio-sensor systems currently used for, but not limited to, the 
detection and the quantitation of biological molecules such as nucleic acids and proteins 
35 (including hormones, hormone receptors, antibodies, antigens, structural proteins, 
enzymes, etc.), the screening of the therapeutic effect of molecules, enzymatic reaction 
assays, the purification of production quantities of valuable bio- and therapeutic 
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molecules, and the measurement of ligand/receptor binding affinity and kinetics, 
overcoming the above drawbacks and yielding superior analysis speeds and detection 
limits and allowing more accurate binding kinetics measurements. 

5 The present invention may be explained by a theoretical calculation (represented in full 
detail in the Description Section) showing that, instead of contacting contact a receptor 
molecule spot directly with a sample fluid layer of say 100 micron thick, it is more 
advantageous to contact the spot with a thin fluid tayer of say 0.1 micron thick and to 
continuously refresh the layer a 1000 times, provided that the refresh rate can be made 
io sufficiently large. As they are based on the dragging action of a moving surface, inducing 
a fluid velocity equal to one half of the moving surface velocity, independent of channel 
thickness or channel length, shear-force flows are the single flow type able to produce 
sufficiently large fluid velocities through sub-micron thin channels. 

_ 15 According to a first aspect, the present invention relates to a device for the conduction of 
target-receptor binding reactions within a flow channel provided with receptor molecules, 
whereby said binding reaction is being generated upon contact of a fluidic sample 
comprising one or more target molecules with said receptor molecules, said device further 
comprises: 

20 - a first surface provided with discrete and isolated locations for such a binding 

reaction (spots) within said flow channel, and 
- means for enhancing the diffusion fluidic flow of the sample in said flow channel, 

whereby said means for enhancing the diffusion fluidic flow consisting essentially 

of a second surface positioned in a flow interacting manner in said flow channel, 
25 said second surface is able to be moved in a substantial parallel mode over the 

first surface. 

These discrete and isolated locations of one such binding reaction are also commonly 
defined as spots. Typic al spot sizes vary from bu-zUu pm. 

30 According to another embodiment said said second surface is larger than said first 
surface. 

According to yet another embodiment said second surface is a linearly movable flat plate, 
a linearly movable flexible belt, a rotatable device or a rotatable cilinder. 

35 

In another aspect, the present invention also relates to a method for binding one or more 
target molecules comprised within a fluid sample to at least one receptor molecule at least 
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partly tethered to a first surface of a substrate, wherein said target molecules are 
transported parallel to said first surface by means of a second surface, which second 
surface is moved in a substantially parallel mode past or over said first surface. 

5 Other more preferred embodiments as described in full detail in the description below. 

Within the meaning of the present invention a "first surface" denotes in general a surface 
or a substrate provided with one or more different or the same receptor molecules. These 
receptor molecules are generally at least partly tethered to said surface. Within the 
10 meaning of the present invention a "second surface" denotes a surface which is in a 
movable manner provided in the flow channel. Movement of said second surface will 
provide for a shear-force field acting upon a fluidic sample, if present, in said flow channel. 

/&* 

In several embodiments, the first and second surface delimit the flow channel. As in these 
15 embodiments, said first and second surface can be moved independently from each other. 
As a consequence the flow channel according to these embodiments are characterized in 
that they are not hermetically sealed along their mantle surface, but simply consist of two 
independent surfaces. 

20 The target molecules are in general present in a fluidic sample forced over these receptor 
molecules in order to enhance the binding efficacy. 



The method and devices according to the present invention rely on the combination of 
three specific features of shear-driven micro-channel flows. The first feature is that the 

25 channel thickness may be selected such that it is only a minimal number of times 
(preferably 1.5 to 5 times larger) larger than the dimensions of the molecules to be 
analysed. In this way, target molecules may be convectively transported to within a few 

molecular d i ame t ers of m a t ching r ec 



hence nearly completely eliminating the time needed for diffusion. The second feature is 
30 * that the flow velocity may be made large enough to transport sample volumes of the order 
of 10 to 200 pi through micro-array channels with a volume of the order of only 0.1 pi 
while, in combination with the first feature, still gaining substantially in screening time with 
respect to the conventional diffusion-based DNA and protein micro-arrays wherein the 
entire 10 to 200 pi sample volume is contacted directly with the entire array. The third 
35 feature is that, because of the fact that the degree of axial dispersion in channels with a 
sub-micron thickness is extremely small, short sample plugs (i.e., with a length of the 
order of 10 to 500 pm) may be injected at a high frequency and may subsequently be 
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transported through a microfluidic channel without any substantia, intermixing between the 
successive sampie p.ugs. This third feature aHows, in combination with the first feature, 
true high-throughput screening analysis of. for example, potential therapeutic molecules. 
The small degree of axial dispersion also implies that minute amounts of sample may be 
analyzed and recovered with a minimum of dilution. This is a highly desired character,^ 
in bioanalytica. and purification applications. As in a shear-driven flow the fluid ve.oc.ty ,s 
independent of the nature (charge, size, etc..) of the fluid substances to be transported ,t 
is yet another advantage of the method according to the present invention that molecules 
of a different nature may be transported in a single plug. i.e. at the same velocity. Th,s ,s 
especially advantageous to investigate binding or reaction events involving a co-factor, or 
to perform competitive binding assays. An addrtiona. advantage with respect to electncally 
driven flows, where the velocity profUe is uniform, is that the ve.ocity of shear-force flows 
varies Hnearly over the channe. thickness and is nearly zero the stationary surface where 
the binding has to occur. The binding can hence occur with a minima, influence of the 
applied shear-force. In an electrically-driven system, the electrical field is equally strong 
everywhere, such that it has a larger possibility of disturbing the binding process. 

For the selective binding of long linear mo.ecu.es (nucleic acids, denatured proteins), it is 
yet another advantage of the method according to the present invention that the ..near 
velocity fie.d of shear-force driven flows induces an advantageous pre-orientaflon of the 
molecules. Because of the large shear-forces, linear molecules will be stretched along the 
direction of the flow fie.d. and will hence be less coiled. In this way. an enhanced target- 
receptor contact can be obtained. 

„ is yet another advantage of the method according to the present invention that the fluid 
velocity can be used as an additional stringency control parameter. Non-matchmg. and 
hence more loosely bound molecules will detach to a larger extent than perfect match.ng 
_ Tn0tecateswJ ^ strong shear-loice field. 

,t is yet another advantage of the embodiments according to the present invention that it is 
very straightforward to switch from a continuous flow mode to a transport mode cons.st.ng 
of a continuous series of flow-stop sequences. This possibility is highly advantageous .n 
cases where a strong convective flow disturbs the binding events: during the (short) stop 
periods, the binding process can take p.ace undisturbed by any convection effects, wh.le 
the flow periods are used to generate a rapid renewal of the fluid layer covering a g,ven 
receptor molecule spot. 
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Figure 1 . Schematic representation of the diffusive transport in conventional diffusion- 
based DNA and protein screening devices. 
5 Figure 2. Schematic representation of prior art solutions for the acceleration of the radial 
transport, involving flow-through porous membranes or electronically assisted 
hybridization. 

Figure 3. Schematic representation of the flow organization in the shear-driven DNA and 
protein screening devices according to the present invention. 
10 Figure 4. Schematic representation of basic fluid transportation channels used in the 
presently disclosed target-receptor screening method: longitudinal view (a), cross- 
sectional view (b) and top view (c). 

Figure 5. Fluid volume on top of probe spot in conventional diffusion-driven system (a) and 
in a shear-driven system according to the present invention (b). 
15 Figure 6. Schematic representation of moving belt (a) and rotating disk devices according 
to the present invention: side view (b) and top view (c). 

Figure 7. Top view of rotating disk device showing one of the numerous possibilities of the 
method according to the present invention to use one single moving surface to generate a 
flow past a multitude of receptor molecule surfaces. 
20 Figure 8. Top view (a) and longitudinal view (b) of moving surface system carrying an 
array of micro-machined protrusions to provide additional sustainment of the fluid motion 
and/or to induce additional mixing. 

Figure 9. Examples of arrays of micro-machined protrusions allowing to generate intermittent 
diversions of the flow direction to promote mixing in the z-direction. 
25 Figure 10. Side view of position and conceptual design for sample reservoir device 
integrated with screening array surface. 

Figure 1 1 . Top view of shear-driven screening method in which the convective transport is 
on l y i n one direction (a). Top vi e w of s e cond passag e of samp l o aft e r having turned the 

spot array surface by 90° (b). 
30 Figure 12. Top view of shear-driven screening method in which a convective transport is 

established in two, mutually perpendicular directions. 

Figure 13. Top view of shear-driven screening method in which both a translational and a 
rotational convective transport are established. 

Figure 1 4. Schematic representation of dual rotating disk devices according to the present 
35 invention: top view of receptor surface (a), and side view of assembled apparatus with 
variable disk spacing, and showing the peripherical outflow of the sample fluid (b). 
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Figure 15. Schematic representation of dual rotating disk devices with variable disk 
spacing, and with a receptor surface having pores or micro-machined holes allowing the 
outflow of the sample fluid. 

Figure 16. Schematic view of a method for the injection of sharply delimited sample plugs 
5 in the devices according to the present invention. 

Figure 17. Schematic view of a high throughput transport of different sample plugs. 
Figure 18. Schematic view of the different sequences involved in a method for the 
measurement of target-receptor binding kinetics according to the present invention, 
comprising shear-driven transport of sample molecules towards a binding section 
10 containing selective receptor molecules (a), contacting said sample molecules with said 
selective receptor molecules during a given time W (b) f and transporting away the non- 
bound molecules (c). 

Figure 19. Longitudinal view of an embodiment according to the present invention wherein 
the receptor molecules are immobilized in a recessed portion of the stationary surface. 

15 

DESCRIPTION 

In a first aspect, the present invention relates to a device for the simultaneous conduction 
of a multiplicity of binding reactions on a substrate with a first surface, said surface 

20 comprising discrete and isolated locations of one such binding reaction, said binding 
reaction being generated upon contact between the substrate and a fluidic sample 
comprising one or more target molecules capable of binding with at least one receptor 
. molecule at least partly tethered to said first surface of the substrate, and further 
comprising means for enhancing the diffusion fluidic flow of the sample over the substrate, 

25 characterized in that said means for enhancing the diffusion fluidic flow comprises a 
shear-force field generating means. 

In particular, the device of the present invention allows to improve tne performance of 

analytical diagnostic and screening systems based on the specific binding between ligand 

30 or target molecules in a sample with complementary receptor molecules tethered at a 
solid surface, and used for the detection, the quantitation and the functional analysis of 
biological and chemical analytes, including, but not limited to, nucleic acids, proteins, 
antibodies, antigens, hormones, hormone receptors, enzymes, and small molecules from 
combinatorial chemistry libraries. The apparatus of the invention may also be exploited to 

35 investigate the reaction rate and the product formation of enzymatic substrate 
conversions. 
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Referring to the drawings shown in the present document, it should be noted that, 
although the shape of some of the depicted molecules might suggest that the represented 
device and method of the invention as described further below only relate specifically to 
nucleic acids or antibodies, all the methods and devices according to the present invention 
5 relate to the entire group of chemical and biological analytes mentioned above. 

Instead of being of a molecular nature, the receptor means can also be a micro-machined 
surface recession having a specific size and/or a shape allowing to selectively retain small 
crystals, whole cells or nano-devices. 

10 

Fig. 1 shows the fluid transport organization in conventional diffusion-based DNA and 
protein screening devices. In these devices, unknown target molecules 1a, 1b, 1c, etc... of 
different composition have to diffuse in both the y- and x-direction (i.e., they have to follow 
the tortuous diffusive path 3) before they can bind to one of the matching receptor 

15 molecule spots 2a, 2b, 2c, etc... immobilized at surface 10. Fig. 2 shows the fluid 
transport organization in the DNA screening devices according to the prior art in for' 
example US patent 5843767 and US patent 6103479. In these devices, transport is only 
accelerated in the radial direction 4. During the rapid radial transport, the transport in the 
transversal direction 4, i.e., from spot to spot, still has to occur via the slow molecular 

20 diffusion following the diffusive path 3. As the time for the radial transport is orders of 
magnitude smaller than the time needed for the transversal spot-to-spot transport, the 
latter can not occur to a significant extent, and the detection limits remain low. 

According to an embodiment of the present invention, the device of this invention as 
25 described above is characterized in that the shear-force field generating means comprises 
a second surface preferably being larger than said first surface, and able to be moved 
mechanically in a substantially parallel mode past said first surface. 



In the present invention, the concept of shear-driven flows is used to accelerate target- 
30 receptor binding processes by exploiting the fact that in a shear-driven flow the channel 
thickness may be substantially reduced without having to sacrifice on the achievable fluid 
velocity. As is explained in a quantitiative manner further down below, the combination of 
both facts yields the key factor in the possibility to accelerate screening assays according 
to the present invention. 

35 

Fig. 3 shows a preferred embodiment of the fluid transport organization in the DNA and 
protein screening devices according to the present invention. The transport in the radial 

10 
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direction is herein accelerated by decreasing the fluid layer thickness, whereas in the 
transversal direction (i.e., the x-direction), a convective, and hence rapid spot-to-spot 
transport is organized. In a device according to the present invention, the sample 
containing the unknown target molecules 1a, 1b, 1c, etc... is transported in a very thin 
5 layer (with thickness d) past an array of spots of matching probe molecule spots 2a, 2b, 
2c, etc... immobilized at a first surface 10, using a shear-force field. This shear-force field 
according to this embodiment is originating from the movement of a second surface 20, 
driven by any suitable motor system 40, and inducing a flow with a substantially linear 
profile 5. The second surface 20 constitutes together with the first surface 10 in this 
JO embodiment the boundaries of the flow channel. 

Shear-driven forces are known as a transport force in separation techniques such as 
chromatography. In EP. Nr. 98/03485 for instance in the name of the present applicant, a ^ 
number of possible channel designs allowing to establish a continuous shear-driven 
transport of mobile phase from an inlet to an outlet reservoir has been disclosed for an j 
application in the field of liquid chromatography. It is disclosed how shear-driven flow may 
be established in, through and out a microfluidic channel consisting of two different wall 
parts, one part being substantially larger than the other part and being moved in a 
substantially parallel mode past the shorter part. This application is hereby incorporated 
by reference. 

In figure 4a a basic fluid flow channel is shown in three views whereby a thin layer of 
sample 100 is transported along a micro-array chip surface 10 in the direction 99 by a 
shear-force effect originating from the moving wall part 20. 

i 

According to yet another embodiment, the device of the invention is further characterized ] 
in that the first surface comprises micro-machined and/or micro-structured surface • 

recession s w h ic h p r e f era bl y h ave app i oximately the same dep t h as the h e i g h t of the 

receptor molecules immobilised thereon. This protects the receptor molecules from the 

30 high shear-field in the case of large fluid velocity applications. j 

i 

Since channels are used which are only a minimal number of times (preferably between 

i 

1 .5 and 5 times) larger than the target molecules to be analysed, the time needed for j 
diffusion is decreased substantially and nearly completely eliminated. In this way, the j 
35 radial transport is accelerated, whereas the transport in the lateral direction (i.e., from spot I 

! 

to spot) occurs by rapid convection, with flow velocities independent of the channel ; 
thickness. In this way, the drawback of the small channel volume, which would normally 
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lead to poor detection limits, may easily be overcome because of the continuous, rapid 
refreshment of the fluid layer inside the screening channel. 

In the devices according to the present invention, the channel space formed by the 
5 moving second and the stationary first surface preferably has a flat-rectangular cross- 
section, i.e., the channels should preferably have a thickness between 10 nanometer and 
10 micrometer, and more preferably between 50 and 1000 nanometer, while their width 
should be much larger, preferably between 100 micron and 10 cm (cfr. Fig. 4b, not to 
scale). The length of the channels should preferably be between 1 millimeter and 10 cm. 

10 

In a channel system as depicted in Figure 4, the flow (in direction 99) of the sample liquid 
100 is generated by the drag or shear-force effect originating from the moving surface 20. 
In the present invention, advantage is taken from the fact that, as can be deduced from 
the linear flow profile 5 in Figure 3, the fluid velocity in a shear-driven flow is always equal 

15 to one half of the moving part velocity, independent of the length of the channel, the 
thickness of the channel or the nature of the fluid. Assuming for example a moving wall 
velocity of 10 cm/s, this implies that a thin layer of sample 100 (for example 50 nm thick) 
may be transported along a micro-array chip surface 10 of for example 5 cm long at a 
velocity of for example 5 cm/s. In a pressure-driven channel with a flat-rectangular cross- 

20 section this would require an impractically large inlet pressure of 60,000 bar. In the device 
according to the present invention, the above advantage of shear-driven flows is exploited 
to convectively transport molecular fluid substances to within a few molecular diameters of 
a (potentially) complementary receptor molecule of known composition and immobilized 
on a solid surface (cfr. Figure 3). 

25 

With reference to Figs. 3 and 5, the below reasoning allows to quantify the gain of the 
shear-driven screening method according to the present invention for the case of a DNA 

scr ee ning application. Th e reason i ng starts by not i ng that typical D NA di ff us ion values 

(Chan et al., 1995) range between D diff =9.10' 11 m 2 /s for 30-bp ssDNA, down to 0^5.10 12 

30 m 2 /s for 1000-bp ssDNA. Considering now the typical lay-out of a DNA-chip (cfr. the 1- 
dimensional representation given in Fig. 1), being a tiled array of circular spots with a 
typical diameter of 200 \*rr\ and with an intermediate spot distance of 30 to 50 pm, and 
considering that the time x needed to elapse a given distance / can be estimated from 
Einstein's diffusion equation: 

35 x = /7(2.D dm ), (1) 

it can easily be verified that it takes about 1h for a DNA strand with D^LIO" 11 m 2 /s to 
travel from one spot to another spot, and that it takes about 2.10 8 seconds (200 million 
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seconds) to have, the entire 7.5 a. length ot a typical DNA micro-ana, (having me same 
dimenaons as a conventional microscope «* This has* ~n =ho*s^ ,n a 
typica, DNA-chip, a spot on* 'sees' me Hukd in m immediate neighbourhood. Catculatng 
L radios trom wltich a given spot is ahte to sampie matena, doring an over , h« 
; experiment C 15h. by seeing eg. ,1) to, -and by putUng x=15h. a sanding distance of he 
orde , o, fclmm is toond. This impltes that a given spot only 'sees' the sample toted 
1m m,oKs,ehandtmm,o te ngm. This alsoexpteinsvmyjn enter .oach^veasoh.em 

M. M. telalively Ihk* fluid layers, o. me orde, o. 20 to 100 mfcron have to he used 
in DNA micoareays (o,de, of 100 pm, Duggan el al., 1999). 

' ,n me shea,-dnven memod acceding to .he P ,esen, invention (Fig. 3), in which me 
sampie is smeared out in an M* M layer o, to, example 100 nm Ihick ,c, any olhe 
suable dimness, depending on me dimensions of the DNA shands), eg. (1) P-^cts a 
million-fok) incease in radial dmusion rate (i.e.. in the y-di,ec6on. see Figs. 1 and 3). Tte 

5 gain is extremely large, bu. rt should he realised ma. a 100 nm mi* layer also contema 
1000 hmes less DNA <a,ge. material. This implies that, in orde, to obtain comparable 
detection amoums. me taye, has .0 be congruously ,etreshed. This is where one o. he 
unigue lealures o. me sheandhven .low concept, i.e. me possWy to generate large M 
ve,oc«ies, even in sub-micron channels, hecomes espedaliy useful. 

» according ,o me present invention aHows ,0 establish HI velocHies of me orde, of «d 

" centimeters pe, seccd. «. even beyond tha, me lime needed for me >-P™ 
,o, example a 7.5 cm long DNA *ip (whi* is o, me orde, of 100 mil.on 
purely tfmusion-dnven system) may eas»y he reduced 1c a few seconds o, 
seconds (depending ™ tee spot dwe« tirne needed to ,e. me molecules d,Huse towards 

25 the receptor molecules and to complete me binding reaction). 

Referring to Figute 5. and assuming a ^^^^^^^^ 

n^^ct^r^e^s^rbT^^^ 

spot 'sees' a total liquid volume 5 of V.=a.b.h. According to eg. (1). .he time needed .0, 

30 total diffusion across the heigh, h is: 

t„ = h ! /(2.D«,). < 2 > 
Considering now the shear-driven approach, where the fluid volume 5 in contact with said 
receptor molecule spot 2 on* has a heigh, d. and where a oonveclive action ,n direction 
99 is used .o transport me same volume V. across me spot, a decision has to be made on 
35 the applicable .low velocity. This value can be calculated from the fad the time W, dunng 
„hich a given fluid volume ttavela along the spot should be taken such mat. withm 1h,s 
dwell time W me molecules have had the time to diffuse across ,he lave, thickness 
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and have had the time to hybridise. Expressing the time needed for the hybridisation as 
being a given fraction or multitude of the diffusion time, we obtain, again according to eq. 

0): 

t*«o = (1+a).d 2 /(2.D«) ( (3) 
5 With this required residence time, the maximal allowable velocity v can be calculated as: 

v=a/t,es. (4) 
and with this velocity, the volumetric flow rate F in the shear-driven system may be 
calculated to be: F=v.b.d=a b.d/tres ( 5 ) 

Taking typical values for d=0.1 pm and D^l.10* 11 m 2 /s and a=200 jim (typical spot size 
10 in micro-arrays) and assuming that o=1, the required velocity according to eq. (4) is 0.2 
m/s. Considering a 100 nm thick, and for example 5 cm long channel, it should be obvious 
that, considering the limitations of pressure-driven and electrically-driven flows, such a 
velocity can only be achieved in a shear-driven flow mode. 

With the required dwell time Wo given by eq. (3), it may easily be found that the total time 
15 xso needed to let hybridise the total liquid volume V a is given by: 

TsD=Va/F=(1+a).h.d/(2.D di ff) (6) 
x h 

Taking now the ratio of T as to x S o^ — — = ~z r • ( 7 ) 

x SD d.(l + ct) 

and assuming that it^Um (i.e., a=1), eq. (7) shows that the gain which can be obtained 
by switching from a diffusion-based micro-array with height h=100 pm to a shear-driven 
20 micro-array with height d=0.1 pm is of the order of a factor 500. 

e 

The gain is even larger when, during a given screening, a given receptor molecule spot 
needs to 'see* an amount of liquid initially spread over N spots. With N sufficiently large 
(say N>5), the characteristic diffusion distance in the diffusion-based array no longer cor- 
25 responds to the radial height (/=h), but now has to be taken along the lateral coordinate, 
i.e.. in the x-direction. such that /=N.a. With now V a =N.a.b.h, and x as = (N.a) 2 / (2.D d jff), and 
following the same reasoning as above, the ratio of x as to t SD becomes: 

^ = -^!_ (8) 
x SD h.d.(l + a) 

With N=8 (cfr. above calculation on sampling distance of 2./=2 mm), and with a=200 pm, 
30 h=100 pm and d=0.1 pm, the gain in screening time now is of the order of 16,000 (still 
taking ot=1). As the presented calculation assumes a 1-D model, it has been neglected 
that the spots are only addressed row by row, whereas in a diffusion based-system the 
rows and columns are addressed simultaneously. However, turning the assay plate by 90° 
after having completed a given run and then repeating the assay (cfr. Fig. 11) only 
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reduces the throughput by a factor of 2, still leaving sufficient room for improvement with 
respect to diffusion-driven screening systems. 

In the above reasoning, it has also become obvious that, in the shear-driven method 
according to the present invention, the array only has to be contacted with a volume 
5 corresponding to that covering approximately 8 to 10 spot rows, whereas in a diffusion- 
based array a volume corresponding to 100 to 300 spot rows is applied (from which each 
spot only sees about 5 to 10 %). This fact implies that in the method according to the 
present invention, a ten or twenty fold reduction of the sample amount is foreseeable with 
respect to the amounts currently needed for a classical hybridisation assay. Approaching 
10 the problem in another way, and considering to send the entire 10 to 200 pi sample 
volume typically used in conventional diffusion-driven micro-arrays in a shear-driven mode 
through a 100 nm thick channel, each spot would roughly 'see' 10 to 20 times more 
sample. It is hence obvious that, in this operation mode, the detection limits of the 
currently used diffusion-driven systems can be strongly surpassed. 

15 

Considering the above calculation on the required fluid velocity, it should be obvious that 
in the method according to the present invention, the fluid layer should preferably be 
transported at a velocity ranging between 1 mm/s (for slow-diffusing, long DNA strands) to 
about 40 cm/s (for more rapid diffusing, short DNA strands). It should be noted that the 
20 above described method according to the present invention may also be applied to 
accelerate the screening of other molecules, such as proteins or potential drug 
substances. 

According to a preferred embodiment of the present invention, the spacing between the 
25 first and second surface in the device of the present invention is controlled by an array of 
micro-machined spacers, protruding from at least one of the surfaces, and preferably 
being coated with a wear-free and low-friction material layer. 



An array of micro-machined spacers 50 is arranged on the moving second and/or the 
30 stationary first surface and allows to keep the distance between the moving and the 
stationary plate as constant as possible. These spacers may have any desired shape, 
including, but not limited to cylinders, truncated cones, semi-spheres, cubes and 
rectangular blocks. In one embodiment, the micro-machined channel spacers substantially 
extend along the entire stationary first surface length, with their longest dimension 
35 oriented along the x-direction. In this preferred embodiment, the channel spacers should 
preferentially have a substantially linear shape when the moving wall (second surface) is 
translated in a substantially rectilinear direction, whereas they should preferentially have a 
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circularly curved shape when the moving wall is subjected to a rotational motion. The 
channel spacers may be made from, or coated with, any suitable wear-resistant material 
known to those skilled in the art of tribology. The channel spacers may be manufactured 
according to any of the suitable layer deposition method (e.g. CVD) and etching 
5 techniques (e.g. lift-off etching) known to those skilled in the art of micro-machining. 
Examples of processes for the machining of spacer structures having nanometrically small 
height tolerances, together with processes for the addition of a wear-free coating layer on 
top of these structures, can for example be found in Tanaka et al. (1993) and in Li & 
Menon, (1995). To keep the two surfaces in intimate contact, a load 51 may be applied. 

10 

In one basic embodiment of the present invention, as is shown in Figure 4c, the moving 
second surface may be moved in a linear, once-through mode past the stationary first 
surface. However, in order to be able to transport a sufficient amount of sample, it is 
preferable to have a moving surface system which provides an infinite (i.e., continuously 
15 recirculating) flow path. Figure 6 shows conceptual drawings of moving belt (closed or not) 
and rotating disk-like devices providing such an infinite flow path. 

According to yet another embodiment, said second surface iof the device of the present 
invention is a linearly movable flat plate, a linearly movable flexible belt, a rotatable device 
20 or a rotatable cylinder. 

As explained before, said moving second surface is used to generate a flow past more 

than on of the target molecules tethered onto the surface of the substrate. ' 

i 
i 

25 According to a preferred embodiment, said second surface in a device of the invention is a 
linearly movable flat surface, a linearly movable flexible belt, a rotatable disk or a rotatable 
cilinder. 



The movement of the moving second surface may preferably be effected using any 
30 suitable motorized displacement device (not represented in drawing), including, but not 
limited to, a rotating disk table or a linear automatic translation system.) 

Figure 7 shows one of the many conceivable lay-outs of the device of the present 
invention in which a single moving surface 20 may be used to organize the sample 
35 transport past a multitude of array plates 10. In the drawing, the channel spacers 50 used 
to maintain a substantially constant distance between the moving and the stationary 
surfaces are represented as being partly visible through the stationary array plates 10. A 
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similar multi-array system may be configured for the case of a moving belt device, e.g., by 
putting several different array plates behind each other. 

According to yet another embodiment, the moving second surface of the device of the 
5 present invention carries an array of micro-machined protrusions extending from sa.d 
second surface. Said micro-machined protrusions provide additional sustainment of the 
fluid motion, and/or can be used to induce additional mixing in the radial and lateral 
direction, and to limit the mixing in the axial direction. 

,0 According to another embodiment, the first surface comprises an array of porous holes. 

In one possible variant (Rgure 8), said protrusions have the shape of rectangular rods, with 
their longest dimension 151 oriented along the z-direction and of course selected such that it 
fits between the channel spacers. Apart from providing an addrtiona. sustainment of the ft* 

15 motion (i.e.. the mean fluid vek)city will be larger than in the absence of the protrus.ons), sa,d 
protrusions might also induce a desired additional radial mixing along direction 152. To 
create an optima, mixing pattern, the interval distance between the different protrusions ,n the 
x-direction should preferably be equal to between 1 and 10 times the channel height. It is yet 
another advantage of the embodiment represented in Figure 8 that the diffusa, dispers.cn 

20 in the axial direction is reduced. Other preferred protruding elements to be arranged on the 
moving surface are depicted in Rgure 9. In these embodiments, the shape and pos,t.on of 
the protrusions 1 50 is selected such that they generate intermittent diversions 1 53 of the flow 
direction Such diversions of the flow direction are highly preferred because they .nduce an 
additional flow in the z-direction. wherein the transport normally has to occur by the slow 

25 mo.ecu.ar diffusion. In an alternative approach, and without loosing their effect, the 
protrusions depicted in Figure 9 may also be arranged on the stationary first surface. 

Rg^e-^ow^^ 

wherein a so-called sample holder device 60 is attached to or integrated within the plate 
structure 20 carrying the array of receptor molecule spots 2. The sample holder dev.ce 
may for example serve as a means to prevent evaporation of the part of the sample 100 
waiting to be transported through the screening channel formed by surfaces 10 and 20. 
When positioned at the channel outlet, the sample holder device may also serve as a 
means to collect the sample for subsequent analysis after having elapsed one passage 
through the screening channel. Preferably, the sample holder device should have a 
closeable connection 61 with the surrounding atmosphere or with a pressurized or 
vacuum chamber (not shown in drawing). The sample holder devices needed in the 
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present invention may be manufactured with any standard micro-machining technique, 
such as reactive ion etching, LIGA and wet etching, and in one preferred embodiment, the 
sample holders are machined directly into the substrate carrying the receptor molecule 
spots. In another preferred variant, the sample holders are integrated within a vacuum 
5 chuck, or any other suitable fixation device, used to attach the stationary surface to a fixed 
holding frame (not represented in any of the drawings in the present document). 

According to yet another embodiment, said second and/or first surface of the device of the 
present invention are sufficiently thin and flexible to conform optimally to the opposing 
10 surface. 

In principle, the moving wall surface 20 may be made of any sufficiently flat and smoothly 
polished substrate made of any suitable material like glass, silicon, polymers,... ; and 
preferably between 50 and 1000 pm thick. To improve the functioning of the devices 

15 according to the present invention, the surface, or parts of the surface, of the moving 
second and/or the stationary first surface may be coated with a wall repellent layer such 
as for example a hydrophobic coating (to prevent the sample molecules from sticking or 
binding, to the surface at undesired and non-specific positions). Such a coating can for 
example be a hydrophobic mono-layer of 3-[(Heptafluoroisopropoxy)- 

20 propyl]trichlorosilane. In another aspect, it is also preferred to provide a low-friction, low- 
wear-coating such as for example a Teflon layer (to improve the tribological behavior of 
the devices) on the parts of the second moving and/or the stationary first surface sliding 
past each other. The parts where such a coating is needed are the top surface of the 
micro-machined spacers 50, and the parts of the opposing surface coming into contact 

25 with said spacers. 

According to yet another embodiment, said first surface of the device of the present 
i nvention is cove r ed with a 1-D or 2-D a rr ay of re c eptor mol e cu le s. 

30 The first surface may be covered with a 2-D array of substantially circular or square 
shaped receptor molecules, or either with a 1 -D array of receptor molecule spots having 
one dimension much longer than the other, and substantially extending along the entire 
width or length or first surface. 

35 According to yet another embodiment, the device of the present invention comprises 
means for temperature control and/or detection means, and/or means for the automated 
displacement of said second surface. The temperature in the devices according to the 
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presen, method may .or exampfc be control using a micro-machined resfcbve circu« 
integrated on .he back o. the substrate casing tbe static surface, o, by srmply 
'" 9 sa« substrate - a beating Tbe tac, « due to me s = 

cbanne, thir*ness. me beat transfer in <be cbannels is extremety rap* .a anotber 
5 advantage of the present invention. 

,„ a., ate disctosed embodiments o. me method according ,o ,be present invention, me 
ae^onotmeameuntofbou^^ndsorrargetanaiytesraa 

det ecbon methods iovown to mose skfcd in the ad o, mroro-array a d M«n 
,„ detection, inciudin, optica,, eieCdcai, acousac or radioacti^sed — 
,„ one preferred emb^ment. me derecb^^ 

d^g, using array scanners sucb as ,0, exan*,e .be scanning contoca, toser sysrams „ 
Z CCD-based detain systems wNch are cunendy avaitabte on a b-- 
anodter prefened embodiment, of especia, use .or .be measurement o, brndtng lunette. 
15 the detection occurs on-chip. 

,„ anotber aspect, .be prasen. inven.ion a,so reia.es .0 a tnetbod ,or binding one or mora 
targe. monies oompdsed WdKn a bu* sampta » at teas, one receptor moiecu^ 
padty .etbered to a lira, sudace ot a substrate, wherein said rarge. mo,ec*s are 
20 transpoded paraital to said firs, sudace by means ot a sbear-force fteH. 

Tbe advantages o. uang said sbear-.orce Md bave been discussed In fu» detail above in 
relation to the apparatus of this invention. 

25 According to an embodiment, the shear-force fieid in the method of the invention is 
gating from a second surface being .arger than said first surface and moved 
mechanically in a substantially parallel mode pastsaid^r^ 



30 



35 



Acoording .o ye, anome, enfcodlment, tbe contact brae between ,be «arge, and recap o 
mo,eou,es in .be memod o, me invenbon is taken sublet long, preterably between 0, 
ms and ,0 minu.es. Sa0 contact time ma, be con,ro,,ad accurate,, by con,ro,,,n, m 
veloody o. .be second moving sudace. A contact time between 0.1 ma and ,0 nanu.es 
should allow completion of the binding reactions to be investigated. 

„ is ye, another advantage ot me embodiments according .o me present invention ma. it is 
very straighdonvard to switch from a continuous fktw mode lo a .ranspod mode cons,s.,ng 
o, a continuous sedaa ot flow-stop sequences. This can readily be achieved usrng one o. 
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the commercially available automated linear or rotational displacement system, e.g. driven 
by a stepping motor, and offering a displacement resolution in the micrometer scale, as 
the driving means for the motion of the moving wall. It is well known that such 
displacement systems can easily be programmed to perform a series of alternating move- 
5 stop sequences, and that the displacement length and velocity, as well as the duration of 
the pauses, can be selected with a very large degree of freedom. The possibility to 
perform alternating flow-stop sequences is highly advantageous in cases where a strong 
convective flow disturbs the binding events: during the (short) stop periods, the binding 
process can take place undisturbed by any convection effects, while the flow periods are 
10 used to generate a rapid renewal of the fluid layer covering a given receptor molecule 
spot. 

Preferably, this alternating flow-stop transport mode should be organized such that rapid 
fluid displacements (with a velocity preferably between 1cm/s and 1 m/s and covering a 

15 distance preferably equaling the distance between two consecutive spot centers) are 
alternated with stop-periods taken sufficiently long (for example between 1 ms and 1s) to 
allow the matching target molecules to hybridize or bind to the receptor molecules in the 
absence of any convection or shear-force effects. In this way, a given sample liquid 
volume (with ground surface approximately equal to the surface of a given spot, and with 

20 a height equal to the channel height) is shifted from spot to spot in a step-like manner, 
hence traveling an entire DNA-chip surface in a relatively short time period and meeting a 
large number of different receptor molecule types. From the point of view of the receptor 
molecule spots, the displacement action is advantageous because the thin diffusion layer 
(say 100 nm thick) on top of the spots is continuously refreshed with fresh sample liquid. 

25 As this convective supply can be organized orders of magnitude more rapidly than the 
diffusive transport in the thicker fluid layers (say 50 micrometer thick) typical for 
conventional DNA-hybridisation, the gain in screening time can easily be understood. 



To perform the binding screenings and assays according to the present invention, all the 
30 fluid composition (salt concentration, pH,..) variation methods, and all the temperature and 
electrical field variation methods known to those skilled in the art of DNA and protein 
micro-array screening may be used. 

According to yet another embodiment, in the method of the invention said first surface is 
35 subjected to a translational or rotational motion in a direction different from the direction of 
motion of said second surface. 
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With an exception made for the embodiments in Fig. 9, the embodiments presented up to 
now have a common drawback in that a shear-flow, for example being generated in I 
direction 70, only addresses the receptor molecule spots 2 in a row by row manner, 
whereas the transport in the perpendicular direction (direction 71) still has to occur by the 
5 slow molecular diffusion process (Figure 11a). One possible approach to solve this 
problem would be to recollect the sample in a sample holder device 61 extending along at 
least two side-walls of the assay plate 20, turning the assay plate 20 by 90°, according to 
direction 72, and repeating the screening process in direction 71 . Due to the capillary 
force effect, liquid collected at the end 11 of the receptor spot surface 20 will automatically 
10 spread equally over both legs 61 a and 61 b of sample holder device 61 . 

In another preferred embodiment of the present invention, a convective transport in two 
different directions 70 and 71 is generated as shown in Figure 12. While the basic 
movement in direction 70 is effected by moving surface 20, the surface 10 carrying the 
15 immobilized receptor molecule spots 2 may be subjected to a, preferably reciprocal motion 
in direction 71 . To this end, a second motor device (not shown in the drawing) may be 
used. To have sufficient sample available to be transported along both the direction 70 
and 71 , a sample holding device 61 extending along at least three side-walls of the assay \ 
plate 1 0 should preferably be put in place, as indicated in Figure 12. ! 

20 

Yet another preferred embodiment of the present invention allowing to generate a j 
convective transport in more than one direction is depicted in Figure 13. In this 
embodiment, the surface 10 carrying the receptor molecule spots 2 is subjected to a 
rotational movement 71. In this embodiment, a sample holding device 61 should 

25 preferably extend along the entire circumference of the assay surface 20. j 

1 

j 

In another preferred embodiment (see Figure 14), both the stationary surface 10 carrying 
the receptor spots and the moving surface 20 have a disk-like shape. In this preferred 
embodiment, a sample holder device is no longer necessary, because the whole channel ! 

30 space between the two disk surfaces is used to hold the entire sample. The generation of 

a relative rotational movement between the two disks (it actually does not matter which : 

one of the two surfaces is rotated) then allows to generate a convective transport in the 

tangential direction 70. This is highly advantageous because the convective transport over 

the entire disk circumference occurs on a time scale which is orders of magnitude smaller j 

35 than the pure diffusive transport. *> 



21 



; 



WO 02/087761 



PCT/EP02/04034 



In a further variant of the dual rotating disk concept, the gap between the two disks is 
gradually decreased during the assay operation, by subjecting one of the two disks to a 
movement in direction 72. Preferably, an array of micro-machined spacers 50 is used to 
maintain a minimum spacing at the end of the operation. In this preferred embodiment, the 
5 movement of one of the two surfaces 10 or 20 in direction 72 induces a convective flow in 
the radial direction 71 , with a net outward fluid motion through the peripherical disk region 
73. This is a highly preferred situation, because it implies that a convective transport in 
both the tangential and the radial direction is established. Preferably, the initial spacing 
between the two disk surfaces should be between 5 to 100 pm, whereas the final spacing 
10 should preferably be between 50 to 1 000 nm. 

In an alternative version of the decreasing channel gap system presented in Figure 14, the 
outflow can also occur through an array of pores or micro-machined holes 51 etched 
through the receptor surface (Figure 15). The holes can be homogeneously distributed 

15 over the receptor surface, but they can also be concentrated at a specific region, e.g., 
near the disk center. The decreasing channel gap systems presented in Figure 14 and 15 
allow to omit the sample holder devices in the embodiments presented in Figures 10-13: 
because of the small molecular diffusivity, the receptor molecules on the receptor surface 
only 'see 1 the sample molecules in a fluid layer 160 of only a few molecular diameters 

20 thick immediately adjacent to the receptor surface. The target molecules present in the 
fluid layers 161 farther away from the receptor surface are simply awaiting their turn 
before they are can enter the active zone 160 (driven by the fluid motion in direction 72). 
The layer 161 hence in fact acts as a sample holder. In Figure 15, the boundary between 
zones 160 and 161 is represented by the dashed line 162. In a preferred embodiment, the 

25 velocity of the rotation 70 is sufficiently larger than the fluid velocity in direction 72, such 
that the sample molecules present in layer 160 have had the time to be transported at 
least one time around the entire stationary receptor disk surface 10 (cfr. Figure 14a) 

before they leave the system through the holes 51 . 

30 According to yet another embodiment, the method of the present invention may be used 
for the purification of production quantities of a given target analyte comprised within a 
fluidic sample. Said method is realized by covering larger portions of the surface of the 
substrate with the same receptor molecules. After completion of the binding process, the 
second moving surface may be used to transport a given volume of desorbing fluidic 

35 sample past said receptor molecules to desorb and collect the bound target analytes. 
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Considering the possibility to transport large fluid volumes, the method according to the 
present invention may be used for the purification of production quantities of antibodies, 
growth factors, probe DNA, etc... In this case, larger portions of the receptor spot surface, 
preferably ranging between 10 to 100%, should be covered with the same receptor 

5 molecule type. After subsequent stringency testing, 'harvesting' of the selectively captured 
molecules may then occur by passing a desorption-promoting liquid solutions through the 
channel, by changing the temperature conditions, by applying an electrical field, or by 
applying any other desorption or regeneration method known to those skilled in the art of 
micro-array screening or bio-sensor measurements. It should again be noted here that, 

10 considering the achievable degree of channel thickness reduction, it is one of the 
advantages of the method according to the present invention that the desorbed molecules 
may be collected with a minimum of dilution, simply by using the moving wall to transport 
a given volume of desorbing liquid past the receptor molecules. 

15 According to yet another embodiment, in the method of the present invention the amount 
of sample contacted with the receptor molecules preferably ranges from a few picoliter to 
a few hundred microliter. 

Said amount may be exactly controlled by the distance over which the second surface is 
20 transported, and wherein, during the injection, preferably no other liquid is present 
upstream from the sample introduction point, and wherein the non-entered sample is 
aspirated away, wiped away, or flushed away. 

All embodiments thus far presented have been especially designed for the treatment of 

25 large sample volumes (i.e.. for the case in which the sample volume is typically equal to or 
larger than the channel volume). When the samples are sufficiently concentrated, as is 
often the case for combinatorial chemistry library drug screening, it is desired to be able to 

treat smaller sample amounts. At this point, another advantage of the method according to 

the present invention arises. Following the injection procedure depicted in Figure 16, and 

30 with the possibility to control the displacement 90 of the moving wall 20 with even a sub- 
micrometer displacement accuracy (using for example an automatic linear displacement 
system with stepping motor), it is obvious that extremely short sample plugs 100 may be 
injected in a controllable and reproducible way. In Figure 16, it is shown how, using two 
different injection devices, one filled with sample (injection device 80) and one filled with a 

35 sample-free liquid solution (injection device 81), the sample injected with device 80 and 
which has not been entered into the channel may be diluted away using injection device 
81. When for example using the piezo-electrically actuated and micromachined injection 



23 



WO 02/087761 



PCT/EP02/04034 



nozzles known to those skilled in the art, high speed dispensing of minute sample 
amounts is possible and very high injection frequencies may be obtained. Referring to 
sequence (a) in Figure 16, it should be noted that the sample should preferably be added 
after removing (e.g., by wiping or aspirating) all liquid from the surface 21 in front of the 
5 channel inlet. In this preferred embodiment, no other liquid is present upstream from the 
sample introduction point, and hence dilution of the sample is avoided (cf r. the situation in 
Figure 10). Injection of the sample may also occur through a miniaturized sample holder 
devices as the one represented in Figure 10. Another advantage of the possibility to use 
the movement of the channel wall to control the injection volume in the method according 
10 to the present invention is that very small injection volumes (order picoliter) can be 
handled without causing any unnecessary dilution. 

According to yet another embodiment, the second surface in the method of the invention 
may be used to inject and transport well-controlled volumes of fluid mixtures with 
desorption-promoting characteristics. This may be done for instance for stringency testing, 
for the desorption and the collection of the bound molecules, for the regeneration of the 
receptor molecules and for ligand displacement analysis. 

In a manner similar to the injection and the transportation of sample liquids, the 
20 embodiments disclosed in this invention may also be used to inject and transport well- 
defined plugs or volumes of sample-free desorption-promoting, liquid solutions, for 
example to perform binding stringency tests, for the removal of non-specifically bound 
molecules, or to desorb the bound ligands from the receptor molecules. 

25 A sample holder device similar to the one depicted in Figure 10 can also be used to hold a 
stringency testing liquid or washing liquid prior and or after its passage through the 
channel. In a preferred embodiment, the sample holder device is used as a pre-mixing 

chamber w herein the composition of the stringency testing l iquid is continuo usly va ried . 

such that a gradient-like stringency test can be performed. 

30 

According to yet another embodiment, in the method of the present invention a limited 
sample plug containing one or more different target molecules is injected into the channel 
formed by said two surfaces, and wherein said sample plug is subsequently transported 
past at least one of the tethered receptor molecule spots, and wherein the axial width of 
35 said sample plug preferably ranges between 0.5 and 10 times the width of said spots and 
wherein said sample plug is preceded and followed by a sample-free liquid plug having 
and axial width which is preferably larger than 100 pm. 
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Combining the possibility to inject sharply delimited sample plugs with the fact that the 
degree of axial dispersion in channels with a sub-micron thickness is very small, it is 
obvious that in one of the preferred methods according to the present invention, very short 
5 plugs (i.e., with a length of the order of 10 to 500 \*m) of different samples 101-106, only 
separated by comparably short plugs 110 of sample-free buffer liquid (i.e., such that the 
sample plugs are separated by sample-free liquid plugs with a length of only 50 to 500 
pm), may be transported through the micro-array channel formed by surfaces 10 and 20 
without any significant hydrodynamic intermixing or carry-over between the different 

10 sample plugs (Figure 17). The possibility to generate high frequency transports of short 
sample plugs may be understood from the fact that the degree of axial dispersion or peak 
broadening in channels with a sub-micron thickness is extremely small, because any 
difference in radial velocity is immediately wiped out by the rapid molecular diffusion. This fain 
is a fact which is known for pressure-driven flows, but which may readily be transposed to | 

15 shear-driven flows. An expression for the axial dispersion in pressure-driven laminar 
circular pipe flow is given in Cussler (1984, pp. 90). 

Injecting different short samples pulses consecutively one after the other and transporting 
them across an array of different receptor molecule spots, the currently described 

20 embodiment enables true high throughput screening of highly concentrated samples. In a 
preferred variant, an array-format detecting device (such as a Charge Coupled Device- 
array, or a micro-lense Laser Induced Fluorescence array of the type presented in Bruno 
et al., 1 998) capable of monitoring the entire array plate is used to detect and monitor the 
occurrence of binding events at the receptor molecule spots. In Figure 17, the double- 

25 sided arrows 200 represent possible detection points for such an array-detection system, ■ 

According to yet another preferred embodiment, the method of the present invention may 
bo used for d e t e rmining th e b i nding kin e tics and the binding e quilibr i um constant by 

varying the time during which said limited sample plug is in contact with said receptor 
30 molecule spots and by measuring the amount of selectively bound fluid target molecules 

with an on-spot detection device during or after the passage of the sample. I 

According to yet another more preferred embodiment, said limited sample plug in the J 

method of the invention has a width preferably ranging between 0.5 and 0.8 times the j 

35 width of said receptor molecule spots, and wherein the movement of the second surface is ! 

stopped when said sample plug has reached the position of a given receptor molecule j 
spot. 

25 
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According to yet another more preferred embodiment, binding of said target molecules in 
the sample with said receptor molecules on the surface of the substrate is followed by a 
chemical reaction step, and wherein the reaction kinetics are determined by varying the 
5 time during which said sample plug is in contact with said receptor molecule. 

According to yet another more preferred embodiment, in the method of the present 
invention at least one detection device is positioned at a given distance, preferably 
between 100 and 1000 pm downstream or upstream of a given receptor molecule, and 
10 wherein the difference in target analyte concentration between and after the passage of 
said sample plug at said receptor molecule is used to determine the amount of bound 
target analytes. 

The schematic representation given in Figure 18 shows how, by injecting a sharply 

15 delimited plug of sample molecules 1 , the method according to the present invention may 
also be used to determine the intrinsic kinetics of target-receptor binding events. 
Exploiting the possibility to use microfluidic channels with a thickness which is only a 
limited number of times larger than the molecular diameter of the sample molecules, the 
molecules only have to diffuse over a negligible distance, such that the recorded binding 

20 time is only related to the actual binding process, and is not biased by the slow diffusion 
process. A preferred binding kinetics measurement method is based on the injection of a 
sample plug which is preferentially of about the same width as the width 120 of the 
receptor molecule spot 2, and comprises a first step in which said sample plug 100 is 
transported by means of a shear-driven flow towards said receptor molecule spot 2 (Fig. 

25 18a). When the sample plug reaches said spot (Fig. 18b), the flow may either be stopped 
during a given pre-selected contact time t^m or may be continued at a given pre-selected 
velocity u selected such that the time of spot passage or dwell time Wii. determined by 

the rat i o of the spot l e ngth 120 and the s o l o ct o d v el ocity u, e quals the contact t i me of 

interest. This contact time preferably ranges between 0.5 milliseconds and several hours, 

30 but will preferably be between 1 millisecond and 10 minutes. The ultra-short contact times 
in the order of 1 millisecond may be achieved for instance by passing a fluid with a 
velocity of 0.2 m/s past a spot with an axial width of 20 pm. At the molecular level, the 
contact times are even orders of magnitude smaller. It should hence be obvious that the 
method according to the present invention allows to realize ultra-short molecule to 

35 molecule contact times which are of the order of the intrinsic binding times. This is a very 
attractive advantage of the method according to the present invention. Using one of the 
commercially available high resolution automated displacement systems equipped with a 
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stepping motor and providing even sub-micrometer displacement accuracy and allowing 
for large displacement velocities of the order of 10 cm/s or more, both the position of the 
sample plug and the displacement velocity may be accurately controlled. 

By performing different experiments at different contact times, and plotting the amount 
bound N versus the contact or dwell time W», the full kinetic binding curve may be 
established. To determine the rate of the desorption reaction, a plug of a liquid solution 
with desoprtion-promoting characteristics may be injected and transported a given 
distance behind the sample plug. 

To increase the detection limit of the binding kinetics measurement according to the 
method of the present invention, it is also possible to inject larger sample volumes (i.e., 
with a longer plug length) and subsequently transporting them at a predefined velocity <S* 
past the receptor molecule spot. Multiplying the total amount N« bound under these 
conditions by the ratio of the dwell time (W^pot length/fluid velocity) to the total plug 
contact time (Wsample plug length/fluid velocity), a quantity N is obtained which 
contains the same kinetic information as the quantity N obtained from the short plug 
experiments cited above, but which has a smaller measurement error. 

20 According to yet another embodiment, in the method of the present invention said moving 
second surface is used to transport a plug of desorbed target molecules or the products of 
an enzymatic assay reaction in a single plug towards a detection device. Said detection 
device may be for instance a mass spectrometer, capable of quantifying and identifying 
the desorbed target molecules or the enzymatic reaction products, and located 

25 downstream of the receptor molecule. 

According to yet another embodiment, in the method of the present invention a stringency 

lesl is pel formed by apply i ng d sudde n chanye in f l uid composition or temperature, or by 

applying an external electrical field. 



15 



30 



According to yet another embodiment, the method of the present invention may be used 
for measuring the amount of selectively bound target molecules to receptor molecules 
tethered onto the surface of the substrate, using a detection means. The amount of 
selectively bound target molecules may be measured after appropriate washing and 
35 drying of said surface, using for example a scanning confocal laser microscope, a CCD- 
array or a scanning MALDI/MS device. 
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According to yet another embodiment, the amount of selectively bound target molecules 
may be measured on-chip. This may be done using for example total internal reflection 
fluorescence, surface acoustic wave analysis, surface plasmon resonance, 
electrochemical analysis, or electrical impedance, conductance, amperometric, or 
5 capacitance analysis to distinguish between the bound and unbound molecules. 

Currently, a large number of methods allowing to continuously monitor the amount of 
molecules bound at the spot surface without being biased by the unbound target 
molecules present in the fluid phase surrounding the receptor molecules, are known. As is 

10 known to those skilled in the art, such methods include, but are not limited to, surface 
plasmon resonance, surface acoustic wave, total internal reflection fluorescence, 
electrochemical methods, or potentiometric, conductometric, amperometric and 
'3*^ capacitance methods. In yet another preferred embodiment, the detection of the amount 

of bound molecules is performed after the sample plug has been transported away from 

15 the binding spot (cfr. Fig. 18c) and has been replaced by a sample-free liquid solution 
having the right salt and buffer composition to prevent desorption of the bound target 
molecules. In this way, the method of detection should not be limited to surface detection 
techniques such as the methods cited above, but more universal and cheaper detection 
methods such as Laser Induced Fluorescence (LIF) may be used. As depicted in Figure 

20 1 8c, this method is based on the use of an incidenting laser beam 1 50 with coherent light 
of a given wavelength to induce the emission of a fluorescent electro-magnetic field 160 at 
another wavelength, which may then be collected under a different angle. In yet another 
preferred embodiment, the amount of bound molecules is detected using a detection 
device located at a given (short) distance downstream or upstream of a given receptor 

25 molecule spot. In this embodiment, the decrease in target analyte concentration is used as 
an indirect measure for the amount bound. In a preferred embodiment, the amount of free 
target molecules may be determined both before and after the contact with the receptor 

molecule spot using a single detection point. Positioning the detection device at a given 

position downstream of the receptor molecule spot, said detection device may in a first 

30 transport phase be used to measure the total amount of unbound target molecules 
present in a given sample before the sample has been in contact with the receptor 
molecule spot. After the sample has passed the detector and has been brought into 
contact with said receptor molecule spot, the moving surface may be moved in the 
direction opposite to that in the first transport phase, such that the plug passes the same 

35 detection device again, allowing to determine the reduction of the free target molecule 
concentration. 
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In the embodiments where the bound molecules have to be desorbed and subsequently 
transported in a minimally diluted plug towards a detection device or towards the channel 
end (for fraction collection purposes), it is preferred that the velocity lines of the shear- 
driven flow are running parallel, such that a minimum of lateral intermixing (i.e., in the z- 
direction) occurs between the different sample plugs being analysed in parallel. 



In another preferred embodiment according to the present invention, particularly suited to 
determine the structure and the composition of unknown ligands bound to the receptor 
molecules, the possibility to transport liquid plugs with a limited amount of axial dispersion 
may be used to transport a plug of a desorption-promoting liquid to a given receptor 
molecule spot, where the bound target molecules are desorbed and subsequently 
transported in a single concentrated plug towards a detection device, such as a mass 
spectrometer, located downstream of the receptor molecule spot. In the case of enzymatic 
reaction assays, the method according to the present invention may also be used to 
15 transport the reaction products in a highly concentrated plugs of towards a mass 
spectrometer device for subsequent analysis of the reaction product. In yet another 
embodiment, the characterization of unknown bound ligands may occur via matrix- 
assisted laser desorption/ionization mass spectrometry (MALDI/MS), after appropriate 
washing and drying of the receptor spot surface. 



According to yet another embodiment, in the method according to the invention the 
measurements may be performed in a 1-D or 2-D array format and wherein a 1-D or 2-D 
detector array is used, and wherein all flow streamlines run in a substantially parallel 
mode to prevent intermixing between parallel flow lanes. 



Most of the on-chip detection methods cited above, may also be applied in an array- 
format, wherein a multitude of spots is monitored simultaneously. Array-LIF detection 
using a 2- D array uf mic r o-lenses has fo i e x ample been det ii ui i blidled by Diuno el ah 
(1998). All electrical and piezo-electric and acoustic methods, may, using the wide range 
of currently existing micro-machining techniques, also easily be applied in an array format. 
Even multiplexed mass-spectrometry, using e.g., one MS to monitor the content of a 96- 
well plate, has recently been demonstrated (Foret et al., 1998). 

According to yet another embodiment, in the method of the invention different fluid 
substances may be transported in a single plug, i.e. at the same velocity, to investigate 
binding or reaction events involving a co-factor, or to perform competitive binding assays. 
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1) A device for the conduction of target-receptor binding reactions within a flow channel j 
provided with receptor molecules, whereby said binding reaction is being generated 
5 upon contact of a fluidic sample comprising one or more target molecules with said 
receptor molecules, said device further comprises: 

- a first surface provided with discrete and isolated locations for such a binding 

reaction (spots) within said flow channel, and j 

- means for enhancing the diffusion fluidic flow of the sample in said flow channel, \_ 
10 whereby said means for enhancing the diffusion fluidic flow consisting essentially j 

of a second surface positioned in a flow interacting manner in said flow channel, j 

said second surface is able to be moved in a substantial parallel mode over the 

first surface. j 

i 

15 2) A device according to claim 1, whereby the second surface is larger than said first 
surface. 

3) A device according to any of the previous claims 1 -2, characterized in that, the first 
surface comprises surface recessions having preferably about the same depth as the 

20 height of the receptor molecules immobilised therein. 

4) A device according to any of claims 1-3, wherein the spacing between the first and 
second surface is controlled by an array of spacer means, protruding from at least one 
of the surfaces, and preferably being coated with a wear-free and low-friction layer. 

25 

5) A device according to any of claims 1-4, wherein the second surface carries an array 
of protrusions extending from said surface. 



6) A device according to any of claims 1-5, wherein said second surface is chosen from a 
30 linearly movable flat plate, a linearly movable flexible belt, a rotatable disc or a 

rotatable cylinder. 

7) A device according to any of claims 1-6, wherein said first and second surface is 
sufficiently thin and flexible to conform optimally to the opposing surface. 

35 
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in another embodiment (cfr. Figure 19), suited for applications requiring a large fluid 
velocity, the receptor molecules are immobilized in shallow etched recessions to protect 
them from the high shear-field 5. 

5 In addition, it should be remarked that, in all the presented embodiments, the surface 
which is normally intended to generate the shear-flow might also carry selective receptor 
elements. 
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8) A device according to any of claims 1-7, wherein said first surface is covered I 
homogeneously with the same type of receptor molecules, or is covered with a one or 
two-dimensional array of different receptor molecule spots 

j 

5 9) A device according to any of claims 1-8, further comprising means for temperature \ 
control and/or detection means, and/or means for the automated displacement of said 
second surface. ; 

10) A device according to any of the claims 1-9, wherein said first surface carries at least [ 
10 one container useful to hold large quantities of sample liquid, stringency testing liquid, ] 
or washing liquid prior and/or after its passage along the receptor surface, whereby the : 
composition of the stringency testing or washing liquid may be gradually varied during , 
the course of the stringency testing or washing operation. 

I 

15 11) A device according to any of the claims 1-10, wherein said first and said second 
surface both have a disc-like shape. 

12) A device according to any of the claims 1-11, wherein said first surface comprises an 
array of porous holes. 

20 

13) A device according to any of the claims 1-12 wherein said second surface comprises 
selective receptor means. 

14) A device according to any of the claims 1-1 3, wherein said second surface is driven by 
25 a programmable automatic displacement system allowing to displace said second 

surface in an intermittent fashion, such as an alternating series of move-stop 
sequences. 



15) A method for binding one or more target molecules comprised within a fluid sample to 
30 at least one receptor molecule at least partly tethered to a first surface in a flow 
channel, wherein said target molecules are transported parallel to said first surface by 
means of a second surface, which second surface is moved in a substantially parallel 
mode past or over said first surface. 

35 16) A method according to claim 15 wherein the contact time between the target and 
receptor molecules is taken sufficiently long, preferably between 0.1 ms and 10 
minutes. 
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17) A method according to any of claims 15-16 wherein said second surface is chosen 
from a linearly movable flat surface, a linearly movable flexible belt, a rotatable disc or 
a rotatable cylinder. 

5 1 8) A method according to any of claims 1 5-1 7 wherein said first surface is subjected to a 
translational or rotational motion in a direction different from the direction of motion of 
said second surface. 

19) A method according to any of claims 15-18 wherein said second surface is used to 
10 transport a plug of desorbed target molecules or the products of an enzymatic assay 

reaction in a single plug towards a detection device. 

20) A method according to any of claims 15-19 wherein a stringency test is performed by 
applying a sudden change in fluid composition or temperature, or by applying an 

15 external electrical field. 

21) A method according to any of claims 15-20 used for measuring the amount of target 
molecules selectively bound to receptor molecules at least partly tethered to the first 
surface of the substrate. 

20 

22) A method according to any of claims 15-21 wherein the amount of selectively bound 
target molecules is measured on-chip. 

23) A method according to any of claims 15-22 used for the purification of production 
25 quantities of a given target analyte comprised within a fluidic sample. 

24) A method according to any of claims 15-23 wherein the amount of sample contacted 
with the l eceplo r motecotes pwfwaUly i d i iyes Horn a few pio olilei lu a few hnndred- 

microliter. 



30 



25) A method according to any of claims 15-24 wherein the second surface is used to 
inject and transport well-controlled volumes of fluid mixtures with desorption-promoting 
characteristics for stringency testing. 

35 26) A method according to any of claims 15-25, wherein the distance between said 
surfaces is gradually decreased during the course of the assay operation. 



/■V.: 
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27) A method according to claims 15-26, wherein said second surface is moved in an 
intermittent fashion, such as an alternating series of move-stop sequences. 

28) A method according to any of claims 15-27, wherein a limited sample plug containing 
5 one or more different target molecules is injected into a channel formed by said two 

surfaces, and wherein said sample plug is subsequently transported past one or more 
of the receptor molecules spots, and wherein the axial width of said sample plug 
preferably ranges between 0.5 and 10 times the width of said receptor molecules 
spots, and wherein said sample plug is preceded and followed by a sample-free liquid 
10 plug. 

29) A method according to claim 28 which is used for determining the binding kinetics and 
'« the binding equilibrium constant by varying the time during which said limited sample 

plug is in contact with said receptor molecule spot and by measuring the amount of 
15 selectively bound fluid target molecules with an on-spot detection device during or 
after the passage of the sample. 

30) A method according to any of claims 28 or 29 wherein said limited sample plug has a 
width preferably ranging between 0.5 and 0.8 times the width of said receptor 

20 molecule spots, and wherein the movement of the second surface is stopped when 
said sample plug has reached the position of a given receptor molecule spot. 

31) A method according to any of claims 28-30 wherein the binding of said target 
molecules in the sample with said receptor molecules on the surface of the substrate 

25 is followed by a chemical reaction step, and wherein the reaction kinetics are 
determined by varying the time during which said sample plug is in contact with said 
receptor molecules. 



32) A method according to any of claims 28-31 , wherein at least one detection device is 
30 positioned at a given distance, preferably between 100 and 1000 downstream or < 
upstream of a given receptor molecule, and wherein the difference in target analyte 
concentration between and after passage of said sample plug at said receptor 
molecule is used to determine the amount of bound target analytes. 

35 33) A method according to any of claims 28-32, wherein the measurements are performed 
in a 1-D or 2-D array format and wherein a 1-D or 2-D detector array is used, and 
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wherein all flow streamlines run in a substantially parallel mode to prevent intermixing 
between parallel flow lanes. 

34) A method according to any of claims 28*33, wherein different fluid substances are 
transported in a single plug, i.e. at the same velocity, to investigate binding or reaction 
events involving a co-factor, or to perform competitive binding assays. 
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